Resonant phonon depopulation terahertz quantum cascade lasers based on vertical and diagonal lasing transitions are systematically compared using a well established ensemble Monte-Carlo approach. The analysis shows that for operating temperatures below 200 K, diagonal designs may offer superior temperature performance at lasing frequencies of about 3.5 THz and above; however, vertical structures are more advantageous for good temperature performance at lower frequencies.
Holding great promise as coherent sources in the terahertz and infrared regime, quantum cascade lasers (QCLs) have been subject to continuous optimization with respect to temperature performance and output power. Particularly, room temperature operation in the terahertz regime has been a long-standing goal. Progress has been made by introducing resonant phonon depopulation (RPD) designs, 1,2 reducing the number of wells per device period, 3 and by applying copper metal-metal waveguides. 2 Optimizations with respect to the diagonality of the lasing transition resulted in a 3.9 THz QCL operating at a record temperature of 186 K. 4 However, efforts in improving the temperature performance of a similar vertical 3.2 THz structure by introducing some degree of diagonality failed. 5 The goal of this paper is to clarify these apparently contradicting results and to investigate the role of diagonality for the optimization of RPD terahertz QCLs with respect to temperature operation.
We have designed and analyzed three-quantum-well terahertz QCLs with different degrees of diagonality and frequencies between 1.8 and 4.8 THz. For the selfconsistent modeling of QCLs, advanced semiclassical ensemble Monte Carlo (EMC) [6] [7] [8] or full quantum transport methods 6, 9 are commonly used. Our EMC simulation tool has been specifically developed for the analysis of QCLs, 10,11 self-consistently including all relevant scattering mechanisms, namely, electron-electron (e-e), electron-longitudinal optical (LO) and acoustic phonon, and electron-impurity scattering. Since interface roughness (IR) highly depends on the growth process and its exact parameters are difficult to measure, this scattering mechanism is included phenomenologically using typical parameter values. 9, 10 For the design of GaAs/Al 0.15 Ga 0.85 As THz QCLs, barrier heights between 135-150 meV are commonly used. [1] [2] [3] [4] [5] For our simulations we assumed a barrier height of 165 meV, correa) Electronic mail: alparmat@mytum.de sponding to 72% conduction band offset. 12 This somewhat larger value was utilized to avoid sharp anticrossings of the lower laser level with weakly-bound upper states in the second downstream injector, arising in some of the investigated designs and leading to well-known simulation artifacts.
7 Effective electron masses of 0.067 in the wells and 0.076 in the barriers are assumed. We verified that the observed trends are robust with respect to the assumed barrier heights and IR values. Our EMC simulation provides self-consistent results for the spectral gain in the terahertz structures, where the gain linewidth is extracted from the above mentioned scattering rates based on lifetime broadening; 10 we note that nondiagonal correlation effects can only be considered in fully quantum mechanical approaches.
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For our analysis, we have designed QCLs with different degrees of diagonality at various operating frequencies. The degree of transition diagonality between upper and lower laser states is quantified in terms of the oscillator strength f osc , normalized to the value for the corresponding vertical design f vert osc . Thus, for the vertical structures we have f osc /f vert osc = 1, corresponding to a 0% diagonal design. A design with f osc /f vert osc = 0.7 is referred to as a 30% diagonal structure, etc. In order to make the simulation results comparable, a special effort was made to keep laser designs very similar. In particular, the upper and lower laser level anticrossing energies with injector states (for injection and extraction, respectively) were kept in the range 1.5-1.6 meV and 3.3-3.6 meV, respectively. If we assume the Al 0.15 Ga 0.85 As barrier height of 135 meV, these injection/extraction anticrossing energies become 1.95-2.0 meV for the injection anticrossing and 4.25-4.6 meV for the extraction anticrossing, which is in line with the injection/extraction anticrossing values used in the current state-of-the-art devices.
2-5 The energy separations between the upper and lower injector states were kept in the range 37-39 meV in all laser designs. These parameters combined with the desired laser operating frequency and diagonality of the laser transition uniquely define the layer sequence for the struc- ture. 3 The layer thicknesses of the designed structures are summarized in Table I . Experimentally, the 0% diagonal structures were tested for the 2.3 THz, 3.2 THz, and 4.1 THz designs.
5,13 Also copper double-metal 3.2 THz QCLs with an active region based on a 30% diagonal transition were tested experimentally. The devices operated up to 174 K, 5 which is lower than the maximum operating temperature of 178 K for similar devices based on a vertical 3.2 THz design.
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As we go from 0% diagonal to 70% diagonal structures, the wavefunctions get more localized in a single well as shown in Fig. 1 for the 3.2 THz structure. From the basic perspectives of THz QCL design, the diagonal laser transition is expected to help improve the electron injection efficiency into the upper laser state, suppress electron leakage from the upper laser state to the downstream injector, and reduce the nonradiative electron scattering rate from the upper laser state; however, the diagonal laser transition results in smaller transition dipole moment compared to a vertical transition. 4, 5 One may expect that THz QCL structures based on vertical design may provide higher gain at lower operating temperatures, when electron injection into the upper laser state is efficient and the LO phonon scattering of thermally excited electrons in the upper laser state 14 is suppressed. However, diagonal transitions may have advantages at higher operating temperatures. Because the parameters of the electron transport (injection efficiencies and lifetimes in various laser states) are difficult to estimate analytically, we use EMC simulations to compare the peak gain of devices with various diagonalities at different temperatures. Figure 2 shows the temperature dependent peak gain for the designed structures in Table I , as obtained by our EMC simulations. As expected, for increased diagonality, we observe a decreased gain at low temperatures, but also a smaller gain degradation with temperature. At laser lattice temperatures around 150-200 K, representing the currently relevant range for temperature performance optimizations, diagonality does not offer an advantage for the low frequency structures that we studied. Specifically, in case of the 3.2 THz design we see no improvement of the temperature performance for the 30% diagonal as compared to the 0% diagonal structure, which is consistent with experimental observations. 5 For higher lasing frequencies, diagonal designs offer clear advantages. The reason is that when the energy spacing between upper and lower laser level increases towards the LO phonon energy (36 meV in GaAs), scattering of thermally excited electrons in the upper laser level becomes very strong even at modest temperatures, 14 resulting in reduced population inversion and thus a strongly decreased peak gain. This detrimental mechanism is suppressed in diagonal designs, which for high operating temperatures maintain increased population difference outweighing their reduced oscillator strength. For low frequency structures, where LO phonon scattering of thermally excited electrons between the laser levels is less pronounced, diagonal designs offer an advantage only at higher operating temperatures, where the thermal activation of LO phonons is stronger. Thus, for the currently reached operating temperatures, 4,5 we find improvements in peak gain only for designs operating above approximately 3.5 THz.
For additional details on our simulation results, we show in Fig. 3 the population inversion ∆n between the upper and lower laser level and gain bandwidth ∆f (full width at half maximum) at maximum gain, for 2.3 THz and 4.1 THz structures of different diagonalities. We note that the peak gain scales with f osc ∆n/∆f . Overall, the 2.3 THz structures (Fig. 3(a) ) exhibit a higher ∆f in our simulations than the 4.1 THz designs (Fig. 3(b) ), which is mainly due to increased Coulomb scattering as well as IR scattering for these structures. Higher ∆n and, to a lesser extent, smaller ∆f of more diagonal designs overcompensate the reduction of f osc in case of the 4.1 THz structures, however not for the 2.3 THz QCLs. For both structures, a decrease of ∆f with increasing diagonality is observed. The gain broadening is related to scattering events involving the laser levels. For diagonal lasing transitions, all the contributions get reduced except for IR scattering, which may go up or down. Furthermore, we observe an increase of ∆f with temperature, which is due to enhanced LO phonon scattering.
The effect of diagonality d, is further investigated by introducing the relative quantities ∆n rel = ∆n(d)/∆n(0%) and ∆f rel = ∆f (d)/∆f (0%). In Fig. 4 we plot ∆n rel and ∆f
rel as a function of temperature for d = 30% ( Fig. 4(a) ) and d = 50% (Fig. 4(b) ). Comparing Fig. 4(a) to (b), we find that ∆n rel increases with temperature. This trend is most pronounced for 4.1 THz devices with 50% diagonality. Very little change of ∆f −1 rel in the temperature range shown in Fig. 4 indicates that diagonal structures at elevated temperatures mainly profit from improved inversion. Finally, Fig. 4 clearly shows that diagonal designs offer a much stronger improvement in inversion for the 4.1 THz QCLs than for the 2.3 THz structures.
To investigate the robustness of our results, simulations assuming different IR scattering parameters as well as simulations with a fixed lasing transition linewidth (of 1 THz) were performed (not shown). They all confirm the previously obtained trend of the spectral peak gains for the different structures. We find that for the case of a fixed linewidth, the gain improvement for diagonal designs is only somewhat reduced.
In summary, we have designed three-quantum-well THz QCLs at various wavelengths featuring different degrees of diagonality, and have analyzed the benefits of diagonal laser transitions for high temperature operation. Between 150 and 250 K, we find that the main advantage of diagonal structures is the considerably increased inversion; additionally, the reduced gain bandwidth of diagonal transitions is beneficial. These effects can outweigh the reduced oscillator strength and provide advantage in QCL temperature performance. For designs operating above approximately 3.5 THz, we find that diagonal structures offer advantages at operating temperatures below 200 K. For lower frequencies the advantages offered by diagonal designs become relevant only at operating temperatures of 200-250 K or higher. These simulation results provide a basis for a further optimization of the temperature performance of terahertz QCLs.
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